The term ''C-value paradox'' was coined by C. A. Thomas, Jr. in 1971 [Thomas CA (1971) Ann Rev Genetics 5:237-256] to describe the initially puzzling lack of correlation between an organism's genome size and its morphological complexity. Polyploidy and the expansion of repetitive DNA, primarily transposable elements, are two mechanisms that have since been found to account for this differential. While the inactivation of retrotransposons by methylation and their removal from the genome by illegitimate recombination have been well documented, the cause of the apparently periodic bursts of retrotranposon expansion is as yet unknown. We show that the expansion of the CRM1 retrotransposon subfamily in the ancient allotetraploid crop plant corn is linked to the repeated formation of novel recombinant elements derived from two parental retrotransposon genotypes, which may have been brought together during the hybridization of two sympatric species that make up the present day corn genome, thus revealing a unique mechanism linking polyploidy and retrotransposition.
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centromere ͉ corn ͉ genome expansion ͉ chromodomain ͉ polyploidy M any of the world's crop plants are polyploids. Corn, the most widely grown food crop in the United States, is known to have an allotetraploid origin not later than 4.8 million years ago (MYA) (1, 2) from two parental genomes that had diverged from each other Ϸ11.9 MYA (2). This tetraploidization event was followed by a major genome expansion mediated by retrotransposons (3), the cause of which is unknown.
Lineage-specific retrotransposon amplification has been documented in several plant genomes (4) (5) (6) , and appears to result from temporary relief of otherwise tight suppression of transcription. Retrotransposon transcription has been shown to be induced by tissue culture (7) , microbial elicitors of plant defense responses (8) , and polyploidization (9) , but this temporary increase in retrotransposon transcription has not been shown to effect genome expansion of the magnitude observed in many crop plants.
In contrast, the forces counteracting genome expansion are fairly well understood and documented, and are known to include recombination between long terminal repeats (LTRs) of a single element (10, 11) or adjacent elements (10, 12) , leading to solo LTRs or complex hybrid retrotransposon arrangements, and illegitimate recombinations, which result in deletions between very short regions of sequence homology on the same DNA strand (10) . These factors contribute to element inactivation and removal and limit the estimated half-life of rice retrotransposons to Ͻ6 million years (13) . Genome expansion requires that retrotransposition rates be sustained at levels higher than element removal rates. How retrotransposons accomplish this has thus far been completely unknown (14) .
Centromeric retrotransposons (CR) comprise a family of elements that show strong preference for integration at active centromeres (15, 16) . Two CR subfamilies have been recognized in maize (CRM1 and CRM2) and rice (CRR1 and CRR2) for some time (17) (18) (19) . Four additional subfamilies were recently discovered (CRM3, CRM4, CRR3 and CRR4), and orthologous relationships between the maize and rice subfamilies were established (CRM1-CRR3, CRM2-CRR2, CRM3-CRR1, CRM4-CRR4) (20) . Furthermore, a remarkable expansion of the CRM1 subfamily of elements during the past 3 to 4 million years was documented, but no plausible mechanism was provided (20) . Notably, although the CRM1 subfamily accounts for Ͼ70% of the full-length CRM elements characterized thus far in the corn inbred B73, its rice ortholog (CRR3) is absent from the Oryza sativa ssp. japonica genome (20) . Here we show, through detailed sequence analysis of all full-length CRM1 elements found thus far in the B73 genome, that CRM1 deletion derivatives and recombinant elements are active at different evolutionary times, deduce their evolutionary relationships, and propose a mechanism by which these recombinants are formed.
Results and Discussion
Analysis of 264 full-length CRM1 elements with target-site duplications (TSDs) that were identified in 13,918 sequenced BACs representing 2,256,428,478 nucleotides (nt) of the maize inbred B73 genome, revealed two parental variants (CRM1A and CRM1B) that have given rise to a number of deletion and recombination derivatives in the past 3 to 4 million years. The recombinant nature of all five major derivatives (R1 to R5) is illustrated by SimPlot graphs [supporting information (SI) Fig.  S1 ]. The Maximum Chi Squared Test was used to map the precise recombination breakpoints, which in all cases mapped to the region in which SimPlots show a change in parental allele (Fig. S2 a-d) . Fig. 1 provides an overview of all full-length CRM1 elements arranged by insertion time estimated for each element using the method of SanMiguel et al. (3) and measured in , the estimated number of nucleotide substitutions per site, as well as years since insertion calculated with the conversion factor used by SanMiguel et al. (3) . The oldest recognizable full-length elements, which are of the parental types (A and B), as well as the two deletion derivatives that formed the five recombinants (discussed below), are represented schematically and account for 250 full-length CRM1 elements.
The recombination event with the apparently largest impact on the fitness of the element, resulted in the replacement of the CRM1B element RNase H sequence (RH B ) with its counterpart from CRM1A (RH A ). While this recombinant element family (R1) and its derived recombinant (R5) have proliferated extensively, the last documented insertion of a full-length element containing RH B occurred at ϭ 0.027 or Ϸ2 MYA (Fig. 1) , and 236 (89%) of the 264 elements shown in Fig. 1 contain RH A .
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This article is a PNAS Direct Submission. nized as a pivotal event in the evolution of the vertebrate retroviral lineage from retrotransposons (21) , but the selective advantage of the new RH in that lineage is also as yet unknown. A region of the Ty1 RH that had been shown in mutagenesis experiments to have a large effect on retrotransposition rate because the defective RH is unable to remove the polypurine tract primer from the cDNA during retrotransposition (22) , is identical in RH A and RH B .
The other recombinants that feature prominently in the evolution of the CRM1 subfamily all involve portions of the LTR (see Fig. 2 for a detailed schematic of a CRM1 element). R2 represents an A element in which the 3Ј end of the integrase, as well as the U3 of the LTR, have been replaced by the B equivalent ( Fig. 1) . A curious feature of CR elements is that the polyprotein extends into the 3Ј LTR, so that the 3Ј end of the integrase is encoded by the first Ϸ172 nt of the LTR. Thus, the region replaced in R2 contains the chromodomain and any promoter sequences contained in the U3. In R3, the 3Ј portion of U3 (but not the chromodomain) of an A element has been replaced by the B allele. R4 is similar to R3, but in this subgroup the U5 has also been replaced by the B allele. Finally, the currently most active CRM1 element (R5), which also represents the most complex recombinant, consists of a B polyprotein containing RH A and the 3Ј end of the A integrase, with the remainder of the LTR derived from B (Fig. 2) .
Creation of these recombinants allows independent selection of specific retroelement regions as summarized in Fig. 2 . The regions experiencing the strongest positive selection include the In addition to interelement recombinations, deletions in the LTRs appear to play a major role in the evolution of CRM1 elements. For example, CRM1B ⌬12a3a (Fig. S3) is the most successful of the six CRM1B LTR deletion derivatives detectable in the B73 genome (Fig. 1) , and deletion 3a (Fig. S3) is present in 245 (93%) of the 264 CRM1 LTR pairs represented in Fig. 1 . A 21 nt deletion in the U3 of the R3 element has created R3 ⌬ , which subsequently recombined to form the currently most active R5 subgroup. Similarly, a different deletion in the R1 LTR has created a recently (Յ0.385 MYA) active derivative in that lineage (B ⌬12a3aЈ ).
Shared polymorphisms of consensus sequences derived for each element group suggest the following series of events, which is in agreement with the chronology of element formation based on insertion time in Fig. 1 While elements that do not recombine or form deletion derivatives appear to have extremely low retrotransposition rates, each of the major recombination or deletion events described above was followed by a period of increased activity for the recombinant element. This is most easily observed for the more recently active elements, as many of the older elements have presumably suffered deletions and are excluded from our tally of full-length elements. The overall effect is a steady or increasing CRM1 population composed of different subgroups at different times.
Several of the events documented in the CRM1 subfamily of elements can also be observed in the CRM4 subfamily (Fig. 3) : (i) B elements represent the oldest subgroup; (ii) the oldest extant full-length CRM4A element inserted at approximately the same time ( ϭ 0.067 Ϸ 5.15 MYA) as the oldest full-length CRM1A element ( ϭ 0.072 Ϸ 5.54 MYA); (iii) an LTR deletion derivative of CRM4A formed; and (iv) recombined with CRM4B to create R1, a CRM4A element in which the U3 is replaced by the B allele (see Fig. 3 ). It is noteworthy that, unlike CRM1, CRM4 elements are not localized to active corn centromeres (20) , even though they contain the chromodomain characteristic of CR elements and recognizable sequence homology to centromeric CRM subfamilies. The fact that CRM4 elements are more dispersed in the maize genome may have played a role in limiting this subfamily to only one recombinant subgroup, as opposed to the five found in the CRM1 subfamily.
We cannot be certain whether the recombination mechanism at work here operates on genomic DNA or during the retrotransposition process. In retroviruses, recombination has been demonstrated to occur frequently during cDNA synthesis (23) which, like yeast Ty1 retrotransposon replication (24) , occurs in particles containing two viral or retrotransposon transcripts. Canonical reverse transcription involves two programmed strand-switching events. First, the U5 portion of the reverse transcribed 5Ј LTR switches from the 5Ј end to the 3Ј end, where it serves as a template for reconstruction of the 3ЈLTR, then an exact copy of the entire 3Ј LTR is transferred to the 5Ј end of the element (reviewed in ref. 23 ). These template-switching events would appear to provide an obvious mechanism to create recombinant CRM elements. Furthermore, template switching has been documented for other stages of reverse transcription, specifically because of minus-strand recombination, where a defective RNA template causes the growing minus strand cDNA to switch templates, and plus-strand recombination that is initiated by internally displaced DNA primers (23) .
Alternatively, formation of the recombinant elements may be attributable to genomic rearrangements caused by the same DNA recombination machinery that causes solo LTR formation (10, 11) and deletion of genomic DNA between the LTRs of two proximal elements (10, 12) . This homologous recombination machinery does act on CRM elements, as evidenced by the presence of CRM solo LTRs (20) . If such recombinations occurred between the polyprotein regions of adjacent or nested elements, a chimeric element lacking TSDs would form (Fig. 4) . During the retrotransposition process, the upstream U5 A would effectively replace the downstream U5 B , and this newly formed chimeric downstream LTR would serve as a template to regenerate a chimeric upstream LTR to create the kinds of molecules represented by R2, R3, and R5. Creation of R1 could be accomplished by two sequential recombinations between two nested or three tandem elements (Fig. 4) . Of these two recombination mechanisms, the one operating at the genomic DNA level is more parsimonious for several reasons. First, it requires colocalization of the elements in the genome, but not their coexpression or copackaging. In fact, the highly recombinogenic CRM1 elements are localized to currently active centromeres, while the less recombinogenic CRM4 elements are more widely distributed in the genome. Second, several of the recombinants that are expected to be created during reverse transcription are absent from the population of recombinants observed here. For example, strand switching of the 5ЈU5 A region to a copackaged B template should result in a B element with U5 A , but we observe only a single (much more complex) recombinant (R4) that may have been generated in this manner (i.e., strong stop template switching). Note, however, that we cannot exclude the possibility of strong selection against such recombinants. Finally, recombination during retrotransposition should yield elements with identical LTRs and TSDs, whereas recombination of genomic DNA should result in chimeric elements (e.g., with different 5Ј and 3Ј LTRs) and lacking TSDs. In fact, 75 full-length CRM1 elements (excluded from Fig.  1 ) lack TSDs and, therefore, presumably represent genomic recombinants between adjacent elements (Fig. S4) . Twenty-nine of these are obviously chimeric (three have unique recombination points within the polyprotein, the others have different 5Ј and 3Ј LTR types), while the remainder are presumably due to recombination between elements of the same subtype. (However, because these BAC sequences are not yet finished, some of these 75 chimeric CRM1 elements may be caused by misassembly.) In contrast, 51 of 52 full-length CRM4 elements (which have formed only one recombinant subfamily) contain TSDs, again suggesting much lower levels of chimeras and recombination in these more genomically dispersed elements.
The existence of solo LTRs, which are thought to be formed as a result of recombination between LTRs of the same element, indicates that the recombination mechanism functions for highly homologous regions separated by the length of an element minus the length of its LTR (5.5-7 kb for CRMs). Thus, nested insertions involving two types of elements should represent suitable substrates for interelement recombination, provided that they meet as yet unknown minimum length and homology criteria. These recombinations are expected to occur in regions of relatively high sequence similarity between the CRM1A and B elements. Indeed, all five regions for which we document recombinations (see Fig. S2 a-d) are flanked by regions of high sequence similarity in CRM1A and CRM1B: the recombined RH region is flanked by 27 and 30 identical nt, the two recombinations within the integrase gene occur within regions of 11 and 12 nt identity, and the LTR recombination that yielded R3 occurred in a region of 11 identical nt. Similarly, the recombination that yielded CRM4 R1 occurred in a region of 22 nt that are identical in CRM4A ⌬ and CRM4B (Fig. S2 e) . Although we cannot exclude the possibility that centromeric chromatin is somehow more recombinogenic than other genomic regions, it is likely that the higher level of recombination activity in centromeric (CRM1) versus noncentromeric (CRM4) elements is at least partly attributable to the high density of CRM1 elements in centromeres.
It is ironic that the very mechanism that eliminates retrotransposons by reducing them to solo LTRs may generate highly promiscuous recombinant elements, conceivably even from two elements with complementary defects. Discovery of recombinant CRM elements was made possible by the availability of large amounts of high quality genomic sequence from a retrotransposon-rich plant genome, and by the detailed phylogenetic analysis performed for each domain of the CRM polyproteins (20) . To investigate whether recombination between retrotransposons extends beyond the CRM family, we performed a preliminary analysis of full-length Opie elements that revealed recombination sites in both the LTR and polyprotein regions (Figs. S5 and S6), indicating that retrotransposon recombination is not limited to the centromere-specific CRM family, which belongs to the Ty3/gypsy group of retrotransposons, but also occurs in this Ty1/copia element that is broadly distributed along Zea chromosome arms (6) . However, the high frequency of recombinations among Opie elements, combined with the efficient removal of full-length elements from their chromosomal arm locations, provides a very spotty record of Opie element evolution and makes it difficult to reconstruct the history of these elements, let alone measure the effects on retrotransposition rate for individual recombination events. Analysis of other large plant genomes may well prove interelement recombination of the type observed here to play a major role in the evolution and activity of retrotransposons. The tantalizing observations by Vicient et al. (12) of regions with higher sequence similarity between the wheat WIS-2-a1 and the barley BARE-2, than between two BARE elements, further strengthens our assertion that interelement recombinations may be a general feature in the evolution of plant retrotransposons (WIS-2-a1 and BARE elements are noncentromeric and belong to the Ty1-copia family). If so, methods that take into account retrotransposon recombination need to be developed to properly model their evolution.
Genetic recombination offers little advantage in the absence of genetic variation. The success of retrotransposons in plants may be a result, in part, of the propensity of plants to form allopolyploids and wide hybridizations (particularly in windpollinated outcrossers), which provide an opportunity to unite retrotransposon alleles in one genome following a period of divergence. Using a conversion factor of 6.5 ϫ 10 Ϫ9 substitutions per synonymous site per year (3), the estimated nucleotide substitutions per site of the oldest CRM1 ( ϭ 0.045) and CRM4 ( ϭ 0.065) recombinants correspond to insertion times of 3.46 MYA and 5 MYA, respectively. Both are near to or more recent than the calculated time of the maize allotetraploidization event at Ͼ4.8 MYA (2), suggesting that the A and B alleles were joined as a result of the hybridization event that yielded the allotet- Fig. 4 . Generation of recombinant retrotransposons by intrastrand homologous recombination in the polyprotein region: 1, Insertion of a CRM1A into a CRM1B element; 2, Recombination between homologous regions illustrated in ''a'' and ''b'' causes deletion of the outlined region and yields primary recombinants; 3, During retrotransposition, the U5 region of the upstream element is transferred to the 3Ј terminus of the transcript, generating a chimeric LTR, which is then used as a template to reconstitute the 5Ј LTR, resulting in the full-length elements shown. Single recombinations are proposed to have generated R2, R3, and R5. Sequential recombination of ''a'' and ''b'' result in the formation of recombinant R1 (see Fig. 1 ).
raploid progenitor of present day maize. Recent work (25) suggests that the substitution rate for repetitive regions may be approximately fivefold higher than that used here (3.3 ϫ 10 Ϫ8 ), which would place all recombinant element insertion times well within the period following allotetraploidization. A survey of the available Oryza and sorghum genome sequences revealed no subgroups of the CRM1 orthologs in those species, again pointing to a wide allopolyploidization event as the basis of the creation of recombinant retrotransposons. Based on K s estimates of 0.4343 for the polyprotein regions of the most closely related CRM1A and CRM1B element, we estimate the divergence time of CRM1A/CRM1B at between 13 and 34 MYA, suggesting that the two CRM1 subgroups found in present-day corn may have diverged with their respective host genomes 11.9 MYA to generate the genetic diversity that has been exploited since the polyploidization event, the benefits of which are described in this work.
Methods
Identification of TSDs. Full-length CRM elements and solo LTRs were extracted as in ref. 20 and analyzed for the presence of a 5 nt flanking direct repeats (TSDs). A single mismatch in an otherwise perfect 5 nt direct repeat was assumed to be a point mutation and counted as a TSD.
Estimation of CR Element Insertion Time. Separate alignments were generated for each CRM1 subgroup of all 5Ј and 3Ј LTRs from full-length elements with TSDs using ClustalX (26) . Apparent misalignments were manually corrected using BioEdit (27) . The shape parameter ␣ for each CRM1 (B, B⌬, A, R1, R2, R3, R4 and R5) and CRM4 (AЈ, A⌬, B, and R1) subgroup was estimated using the program PAML version 3.0 (28) and used to estimate the evolutionary distances between each LTR pairs (k ϭ estimated number of nucleotide substitutions per site) using the ␥-K2P model in MEGA version 3.1 (29) .
Recombinant Sequence Analysis. SimPlots: BioEdit was used to generate 80% consensus sequences from full-length sequence alignments for each CRM1 subgroup generated with ClustalX. The consensus sequence of each recombinant subgroup was aligned to the parent groups (A and B) using ClustalX, and the similarity of the recombinant group to the parents was plotted using SimPlot (30) using a sliding window of 200 nt and step size of 20.
Maximum 2 Test: BioEdit was used to manually edit and subsequently generate 70% consensus sequences from separate multiple sequence alignments generated for each CRM1 LTR, polyprotein and CRM4 LTR subgroup using ClustalX. All single base unique insertions were deleted during editing. Visual inspection of the consensus sequences was used to identify likely parental and derived sequences, which were aligned using ClustalX. The recombination breakpoints for the recombinant sequences were identified using the ''2 parental, 1 derived'' Maximum 2 test (31) used in the program START2 (http://pubmlst.org/software/analysis/start2) (32) .
